P otassium is a macronutrient that affects plant growth, development, quality, and response to physiological stress (Munson, 1985; Öborn et al., 2005; Zörb et al., 2014) . Continuing changes in Iowa agricultural systems require assessment of K supply in soils because K is being utilized at greater rates than in previous years. Iowa average corn (Zea mays L.) yields have nearly quadrupled and soybean [Glycine max (L.) Merr.] yields have more than doubled since the 1950s . These yield increases reflect changes in farming practices that have occurred in Iowa. Planting dates moved forward 1 wk since 1982 for both corn and soybean. Harvest dates moved 1 wk later for corn and 1 wk earlier for soybean compared with 1982 (Statistical Reporting Service, 1984; NASS, 1997 NASS, , 2010 . Corn seeding rates tripled since the 1950s. Alfalfa (Medicago sativa L.) and forage production declined, with 75% reductions in alfalfa and hay acres harvested since the late 1950s .
Soil supply of K is mainly by diffusion of K + ions in soil solution to root surfaces (Barber, 1962) . Some K is also transported to roots via convective flow of water with the transpiration stream. Factors that affect soil solution movement, such as compaction or low moisture status have been long-recognized as constraints to plant K availability (Lawton and Cook, 1954) . While decomposing crop residues can recycle some K back to the soil, the nutrient can also leach or be removed from the field through rainfall or associated erosion (Bertsch and Thomas, 1985; Oltmans and Mallarino, 2015) . Sandy soils often exhibit greater K mobility than those with more clay because of both increased water movement and fewer cation exchange sites. In Iowa, most soils have sufficient silt and clay content to retain K (Mallarino and Ul-Haq, 1997) . To ensure sufficient soil supply of K, fertilizer recommendations are greater for heavy-textured Iowa soils than for sandy soils . The importance of soil type on specific K management practices was demonstrated by Kovar and Barber (1990) , who showed that applying the same amounts of K fertilizer to different soils resulted in variable soil solution K concentrations due to differences in soil texture and organic matter content.
To maintain an adequate supply of K in today's high output production systems, application of mineral K fertilizer is a standard practice. Periodic changes in optimum Iowa soil-test K values have occurred (Fig. 1A) . When these changes are normalized by yield (Fig. 1B) , recommended K fertilizer rates remained constant since the 1990s.
Commercial soil testing laboratory reports indicate 33% of routine Iowa soil tests are below 160 mg kg -1 when expressed as ammonium acetate equivalent (IPNI, 2018) . This 160 mg kg -1 threshold is the lower end of the currently recommended optimum extractable K level in Iowa . Further, recent Iowa data indicate approximately 70% of the state's corn production areas are being fertilized with 90 kg K ha -1 (NASS, 2017), a level that is below average K corn uptake values of 130 kg K ha -1 (Woli et al., 2017) . Since corn grain removal accounts for only 30% of total K uptake (Bender et al., 2013a (Bender et al., , 2013b (Bender et al., , 2015 , harvesting stover could increase soil K removal by 90 to 120 kg ha -1 yr -1
. Current fertilizer practices, combined with crop uptake and removal, suggest K nutrient status is not adequately maintained in Iowa soils.
Stratification of soil profile K is another well-documented management problem, especially when tillage intensity is reduced and fertilizers are surface applied (Bauer et al., 2002; Erbach 1982; Holanda et al., 1998; Howard et al., 1999) . Stratification can be a particular challenge in no-till systems because reduced soil mixing decreases redistribution of fertilizers throughout the top 0 to 15 cm of the soil profile. If K is stratified near the surface, a mismatch in availability and demand can occur if plant roots move deeper into the profile to exploit available water (Lynch, 2013) . For corn, this situation may by hybrid specific, since current cultivars tend to have slightly shallower roots than historic hybrids (York et al., 2015) . Whether K stratification has measurable effects on crop yield remains an important research question. For example, deep banding of fertilizers may not result in sufficient crop yield increases to offset the greater equipment costs required to perform the operation (Mallarino and Borges, 2006) .
To access subsoil K directly, plant roots must obviously grow below the traditional plow layer, which in this study we assume to be a soil depth of 15 cm. It follows that K uptake from that portion of the soil below a depth of 15 cm is affected by plant root distribution (Gulick et al., 1989; Kuhlmann, 1990) . Compared with non-agricultural soils, agricultural practices tend to cause both greater plant K uptake from deeper in the soil profile and greater K movement into the profile due to changes in infiltration (Sharpley and Smith, 1988) . As a result, subsoil K uptake is highly variable. For example, Kautz et al. (2013) reported that corn, spring wheat (Triticum aestivum L.), and green manure crops acquired 3 to 70% of their K from soil depths ≥25 cm. They also reported that spring wheat accumulated 7 to 70% with an average of 34% of its K uptake from soil at a depth of 30 cm. Another study (Schenk and Barber, 1980) reported 10% subsoil (>20-70 cm) uptake for corn. We therefore hypothesize that although profile K uptake varies by crop and location, subsoil K is important and may contribute substantially to total crop uptake.
To address potential subsoil K depletion, increasing K fertilizer rates might be seen as a solution to provide more K to the soil profile. However, research into soil-test K dynamics suggests this approach may not necessarily work. Long-term K fertilizer applications on research plots did not show consistent increases in subsoil available K (Mallarino and Ul-Haq, 1997) . Instead, Mallarino and Ul-Haq (1997) found subsoil K (>15-cm depth) showed different effects across sites and multiple extractants. Even surface soils do not always show increased soil-test K from fertilizer applications. Applying K fertilizer at rates of 72 kg K ha -1 for corn and 105 kg K ha -1 for soybean in corn-soybean (C-S) or corn-corn-soybean (C-C-S) rotations for 9 yr did not increase surface (0-20 cm) soil-test K concentrations in Ohio (Fulford and Culman, 2018) .
The multiple issues discussed above illustrate the increasing need to characterize and improve our understanding of soil profile K. Current protocols that emphasize the top 0 to 15-cm of the soil profile are not sufficient to understand profile K availability. In this study, we compiled results from 10 independent experiments that included soil-test K data for samples collected below the 0-to 15-cm depth increment. Our objectives were to: (i) evaluate soiltest K data by depth in several central Iowa agricultural soils, and (ii) utilize the results to characterize and identify current status and potential agronomic challenges associated with current profile K.
MAterIAls And Methods
Sample sites were located throughout central and north-central Iowa within the Des Moines Lobe landform (Iowa Department of Natural Resources, 2017; Prior, 1991) . This region is characterized by A horizon soils having approximately 1.3 to 1.8% total K by weight (Smith et al., 2013) . Regional variation in soil total K content occurs in Iowa. Soils in southern and western Iowa have higher total K content than soils in eastern Iowa (Wells and Riecken, 1969) . Much of the available Iowa soil profile K data are from the pioneering work of Hanway and others (Hanway, 1961 (Hanway, , 1962 Hanway and Scott, 1957) .
Samples were collected from 10 experimental sites in Boone, Story, and Palo Alto counties between 2003 and 2016 across common soil series in agricultural areas from central Iowa (Table 1) .
Though the agricultural practices and length of the individual studies varied, the fields where the studies were conducted had been in agricultural production for several decades. None of these studies were conducted on fields that were recently converted from pasture, prairie, or other land uses. Research at the 10 sites was conducted for multiple purposes. These purposes included: (i) a series of plot experiments established to evaluate corn response to sulfur fertilization gradients (Sites 1, 2, 3, and 4); (ii) four tillage and corn stover removal experiments being conducted as part of a bio-feedstock research program (Sites 5, 6, 7, and 8); and (iii) an onfarm nutrient distribution study with multiple crop rotations across several soil series (Site 9). Profile samples were also collected at the conclusion of a century-long nutrient management experiment with continuous corn production (Site 10).
Potassium fertilizer practices were consistent with current agricultural practices that are likely to be encountered on other research sites and farm fields. Our interest was in analyzing the soil profile data across all sites combined. At Sites 1 to 4, K fertilization was based on soil test results consistent with general crop practices . At Sites 5 to 8, fertilizer rates varied by corn stover harvest rates to replace the additional K that was removed with the stover. These varied rates occurred for <5 yr at each site prior to collecting the deep core samples. At Site 9, fertilizer was applied in a municipal biosolids-manure mixture and as KCl as part of a 20+ yr nutrient management program. The only site with a consistent K fertilizer gradient was Site 10, in which some plots received 0 kg K ha -1 and others received 67 kg ha -1 annually for the previous 25 yr prior to sampling. The data from Site 10 were also evaluated separately to analyze the effect of this fertility treatment.
A total of 2433 soil K samples across all depth increments were included in the analysis. There were 515 samples collected from the 0-to 15-cm depth (surface samples) and 1918 from greater than the 15-cm depth (subsoil samples). Two soil profile sampling strategies were used. Depth increments of 0 to 5, 5 to 15, 15 to 30, 30 to 60, and 60 to 90 cm were used at Sites 1, 2, 3, and 4, while increments of 0 to 15, 15 to 30, 30 to 60, 60 to 90, and 90 to 120 cm were used at Sites 5, 6, 7, 8, 9, and 10. The number of samples collected from each site and depth varied ( Table 2) . If necessary, depth increments were converted to SI units.
Soil-test K was extracted from air-dry soils using either neutral 1.0 M ammonium acetate (Helmke and Sparks, 1996) or Mehlich-3 (Mehlich, 1984) extraction techniques. Additional tillage, length of time crop practices were in place prior to sampling, plot dimensions, and soil sampling details are provided in Table 3 .
The statistical analysis focused on summarizing the aggregated soil-test K values and the implications these values had for K management when compared with existing K test value ranges and recommendations . Soil samples from similar sample depths were aggregated and presented as summary data, including minimum, maximum, median, mean with standard error, first quartile, third quartile, and 95th percentile, skewness, and (Helmke and Sparks, 1996) ; M3, Mehlich-3 with air-dry soil (Mehlich, 1984) . kurtosis (R Core Team, 2017) . In the calculations used to generate skewness and kurtosis values, a normal distribution would have skewness and kurtosis both equal to 0. The distribution of surface (<15-cm depth) and subsoil (>15-cm depth) K concentration data relative to existing Iowa K management was evaluated. All K data are available as a supplemental information dataset (Supplement 1). The long-term soil fertility trial (Site 10) was analyzed by separating the treatments into those that received 67 kg K ha -1 annually, and those that did not. There were four treatments that received K fertilizers and each was replicated four times. Four other treatments, each replicated four times, except one that was replicated eight times, did not receive K fertilizers. A two-sample t test assuming variances were unequal was used to compare the 0-to 15-cm samples between plots that received and did not receive K fertilizers (R Core Team, 2017) . Results from Site 10 were graphed using ggplot (Wickham, 2016) .
The results from the current collection of studies was compared to historic data provided in two regional reports of nutrient status in agricultural soils (Hanway, 1961 (Hanway, , 1962 and four summary reports of statewide soil test results (Oschwald et al., 1965; Iowa State University Cooperative Extension Service, 1975 , 1987 , 1990 . In Hanway (1961 Hanway ( , 1962 , soil samples were collected in [1955] [1956] [1957] [1958] with increments of 0 to 15, 15 to 30, 30 to 45, 45 to 60, 60 to 75, and 75 to 90 cm. Data from 29 sites in Iowa were included in the reports, for a total of 174 soil-test K values. The majority of the research sites were located in eastern and northeastern Iowa, although three sites were located in central Iowa. The reported soil-test K concentrations were separated into surface (0 to 15 cm) and subsoil (>15 cm) groups. Soil-test K values were grouped into quintiles. The relative percentage of samples from the two depth groups by quintile were analyzed by a chi-square test of homogeneity. The soil-test K values used from the Hanway (1961 Hanway ( , 1962 
resUlts And dIsCUssIon
Across all depths, average soil-test K ranged from 165 mg kg -1 in samples collected from 0 to 5 cm, and 93 mg kg -1 in samples collected from 90 to 120 cm (Table 4) . For surface samples, soil collected from 0 to 15 cm had extractable K concentrations between those of soil collected from separate 0-to 5-and 5-to 15-cm depths. This would be expected because the 0-to 15-cm depth could mask potential differences between the two smaller depth increments. For the surface soils, the average K concentrations for samples from 0-to 5-and 0-to 15-cm increments would be considered in the low nutrient category, and samples from 5-to 15-cm increments would be considered very low . Across these 10 sites, the average K concentrations for all depth segments suggested field crop yields would respond if K fertilizers were added. # At Site 9, samples were collected across nine differently managed fields at a 90-ha farm. † † At Site 9, a total of 53 cores were collected based on soil types distributed in each of the nine fields. ‡ ‡ Three replicates were sampled used a 7.6-cm diameter tip for the 30 cm, and the following 91 cm of the core were collected using a 2.5-cm diameter tip. The fourth replicate of each treatment was collected using a 2.5-cm diameter tip for the entire 122-cm core length. Some plots were unable to have the probe collect down the entire 122-cm core depth.
The data presented in Table 4 are also useful for providing general reference values for central Iowa soils, particularly for producers working on Clarion, Nicollet, Canisteo (fine-loamy, mixed, superactive, calcareous, mesic Typic Endoaquolls), Webster, or Okoboji (fine, smectitic, mesic cumulic Vertic Endoaquolls) soils. Producers may be able to assume an approximate K concentration of 100 to 110 mg kg -1 for soils at depths greater than 15 cm. Soils at a depth of 90 to 120 cm may average closer to 90 mg K kg -1
. From a K management perspective, producers working on these soils in central and north-central Iowa could consider their subsoils to have low or very low soil-test K status. Data from some depth increments were more normally distributed than others. For example, data from 60 to 90 cm followed a normal distribution, whereas extractable K concentrations in samples collected from 90 to 120 cm did not. This variability could make it difficult for producers to make assumptions about their soil profile distributions based on results from one depth increment to the next.
The surface and subsoil results were also compared by soil-test K nutrient recommendation categories (Table 5 , Fig. 1A ; . Sixty-four percent of all soil samples (n = 2433) were classified as having very low nutrient status. Only 12% of all samples were considered having optimum soil-test K or higher. For surface samples (<15-cm depth), 28% of all samples (n = 515) fit within this same optimum or higher classifications. Soils from >15-cm depths were more likely to be classified as having very low K levels compared with surface samples, as 72% of all samples from >15 cm would fit this category compared to 35% for <15-cm samples. The relative distributions of surface and subsoil soil-test K concentrations by category were different according to a chi-squared test of homogeneity (p < 0.0001). Even though the relative distributions were different, inadequate soil-test K levels commonly occurred in both surface and subsoil samples.
The differences in surface and subsoil K concentrations are more evident when the results in Table 5 are compared within each soil-test K category (row), rather than among the categories (column). In this analysis, the percentage of soil samples within each soil-test K category are distributed between surface and subsoil samples (Fig. 2) .
As soil-test K values increased, the percentage of samples in each category that were collected from surface soils increased. Of all samples with very low soil-test K values, nearly 90% were collected from subsoils. At the opposite end of the soil-test K range, 70% of all samples with very high soil-test K values (240+) were from surface soils. Although Fig. 2 can be useful for looking at relative distributions within a given soil-test K category, the figure obscures the sample size differences between surface (n = 515) and subsoils (n = 1918) that is apparent in Table 5 . The number of samples collected decreased as soil-test K increased. The results shown in Fig. 2 , however, do not change the conclusion from Table 5 that soiltest K values were very low or low across the majority of samples for surface and subsoil samples.
As the only site with a consistent fertilizer gradient during 25 yr, soil profile K from the century-long tillage study (Site 10) was affected by the long-term fertilizer rates, particularly in samples from the 0-to 15-cm depth (Fig. 3) . Soils receiving 67 kg K ha , 95% confidence interval) within the 0-to 15-cm increment than non-fertilized plots (164 vs. 116 mg K kg -1 ) (p < 0.0001). Except for the 0-to 15-cm samples from the fertilized plots, all other samples fit within low or very low K management categories. The results suggest that long-term fertilization with 67 kg K ha -1 was not sufficient to increase subsoil K concentrations. The historical profile K data from Hanway (1961 Hanway ( , 1962 were separated into quintiles of 45 to 117, 117 to 156, 156 to 181, 181 to 261, and 261 to 400 K mg kg -1 (Table 6) . A chi-square test of homogeneity suggested the distributions of <15-cm samples and >15-cm samples were similar in the five quintiles (p = 0.07). The relative percentages of samples from each depth by quintile showed samples collected from >15-cm depth accounted for over 80% of all samples in both the 181 to 261 and 261 to 400 soil-test K groups (Fig. 4) . The sample size in this analysis was 174, so small changes in sample counts by group were more influential in this analysis than in the analysis of 2433 soil samples conducted above. Of the sampled sites in the 1950s, surface and subsoil samples tended to have similar soil-test K concentrations.
Whether or not the results from samples collected in the 1950s indicate soil profile K levels are increasing or decreasing today is an interesting research question, but one that is not able to be fully addressed by this method of analysis. The results presented in Table 6 and Fig. 3 were collected from soils throughout Iowa compared with the central and north-central regions for the 10 current studies. Inherent differences among dominant soil series are known to influence profile K concentrations (Hanway and Scott, 1957; Hanway, 1961 Hanway, , 1962 . A comparison of the two datasets would include two time periods and primarily nonmatching soil series. Further, the soil test methods used in the 1950s had a different soil/solution ratio that would affect the amount of K extracted. We recognize that drawing conclusions across soil-test K methods is difficult because extractable K varies as the methodology changes (Barbagelata and Mallarino, 2013; Hanway and Scott, 1957; Simonis, 1996) . Characterizing extractable, plant-available K can be complicated by the ability of plants to utilize what has previously been classified as nonexchangeable K (Zörb et al., 2014) .
However, the statewide summary results provided by other archival data sources do provide information about trends in surface soil (0-15 cm) soil-test K availability in central Iowa and Des Moines Lobe soils. In 1965, soil types in this region were reported to have very low or low to moderate soil-test K values for all but one soil type. The one soil type with moderate to high soiltest K was Glencoe (fine-loamy, mixed, superactive, mesic Cumulic Endoaquolls) silty clay loam, a poorly drained soil with a land capability class of III, indicating other management issues would be of concern on this soil (Oschwald et al., 1965 Service, 1987 Service, , 1990 . The percentage of soil samples reporting high soil test values increased from 8% in the 1950s to 20 and 28% in the periods 1964 -1967 and 1968 -1973 , respectively (Iowa State University Cooperative Extension Service, 1975 . By 1980-1985, 55% of samples reported high or very high soil-test K values and these groups increased to 62% of samples by 1986 -1989 (Iowa State University Cooperative Extension Service, 1987 , 1990 .
These results may suggest that surface soil K deficiencies were adequately addressed in central Iowa during the 1950s until the 1990s. However, as shown in Fig. 1 , continued research into crop response to K fertilization indicated that soil-test K values once accepted as optimum were potentially not supplying sufficient K to crops and required updating (Mallarino, 2000; . Interpretations for soil-test K based on subsoil K were not used in the most recent Iowa nutrient management recommendations because on-farm research was not demonstrating differences between different associations when grouped by subsoil soil-test K availability . Since soil erosion remains a primary cause for global soil degradation (Karlen and Rice, 2015) , historical concerns regarding subsoil becoming the new topsoil (Conner, 1935) may still be relevant. The low subsoil K concentrations found in this study indicate K could be limiting if topsoil continues to erode. Most of the subsoil samples would be classified as having low or very low K nutrient status.
sUMMAry And ConClUsIons
Datasets from 10 experimental sites in central Iowa confirmed that soil samples collected from 0-to 5-or 0-to 15-cm depth increments tended to have higher K concentrations. These higher concentrations were likely due to the routine fertilizer applications that occur on farm fields. This evaluation of profile K from 10 research sites provides reference values for subsoil K concentrations in central Iowa soils. Although site variability is expected, Mehlich-III or ammonium acetate-extractable K concentrations for soils collected below 15 cm may have approximately 100 to 110 mg K kg -1 and 90 mg K kg -1 if below the 90-cm depth. The majority of subsoil samples had extractable K concentrations below currently recommended crop production guidelines in Iowa.
Soil profile K represents a finite nutrient resource for crop production. As multi-functional cropping systems develop and primary cash crops extract larger amounts of K as a result of increased yields, greater attention must be given to plant-available K in the soil profile. Deep placement of K fertilizer would require substantial tillage energy, would be destructive to soil profile structure, and is likely economically inefficient. On the other hand, nutrient concentrations at depth cannot be ignored if we hope to continue developing resilient and productive agricultural systems. Nutrient management research must continue with efforts focused on evaluating K availability throughout the entire profile. More basic and applied research needs to be conducted to determine how to accurately quantify available surface and subsoil K in the laboratory and to understand how K applied in the field becomes available to plants.
sUPPleMentAl MAterIAl
The soil profile K data collected from the 10 studies in Iowa are provided as a supplemental.csv file. 
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